. In counterpoint to these structural studies, ATMO-penicillin were determined. ATMO-penicillin binds in a catalytically incompetent conformation rea series of elegant enzymological studies of third-generation cephalosporins has suggested that part of their sembling that adopted by third-generation cephalosporins, demonstrating the transferability of such steability to inhibit class C ␤-lactamases is conferred by an internal electronic rearrangement that displaces the rically hindered groups in inhibitor design. In cephalosporins that are rapidly hydrolyzed, this rethese drugs, thereby inactivating them. All ␤-lactams arrangement happens slower than hydrolysis of the acylshare the same core four-membered lactam ring from enzyme species and consequent product formation and which they take their name. It is this core structure that is thus does not affect how well the ␤-lactam might inhibit hydrolyzed by ␤-lactamases. Intriguingly, substitutions the enzyme. For molecules that are intrinsically slow to distant from the lactam ring can convert a ␤-lactamase deacylate, for instance because of steric interactions substrate into a ␤-lactamase inhibitor. For instance, in their R 1 side chains, this rearrangement will happen amoxicillin and cephalothin are excellent substrates for before deacylation, thereby further stabilizing the acyl class C ␤-lactamases such as AmpC, whereas cloxaciladduct against deacylation. In such cases, the ␤-lactam lin and ceftazidime (Figure 1) tion of class C ␤-lactamases by third-generation cepha-
␤-lactams, which we will refer to as ATMO-penicillin and ATMO-carbacephem (Figure 1 ), were indeed effective inhibitors, with IC 50 values of 900 nM and 80 nM, respectively. To investigate the structural basis for this inhibition, the structure of the ATMO-penicillin/AmpC complex was determined by X-ray crystallography to 1.72 Å resolution and compared to the structure of AmpC in complex with a substrate, amoxicillin, which was determined to 1.87 Å resolution. To investigate the biological relevance of these inhibitors, the efficacy of ATMO-carbacephem was investigated in bacterial cell culture. These studies suggest a structural basis for the actions of these and potentially other sterically hindered inhibitors of class C ␤-lactamases, one that may have use in the design of new agents to overcome bacterial resistance.
Figure 1. Class C ␤-Lactamase Substrates and Inhibitors Discussed in This Paper
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losporins, then introduction of the ATMO group should convert other classes of ␤-lactams from substrates to
The AmpC-catalyzed hydrolysis of the ␤-lactams cefotaxime, ATMO-penicillin, and ATMO-carbacephem (Figinhibitors. Conversely, it may be that such side chains will only confer inhibition to ␤-lactams that also have a ure 1) were monitored by UV-Vis spectroscopy (Table  1) . Consistent with the notion that steric hindrance can displaceable R 2 side chain, which are generally restricted to the cephalosporins and oxacephems. Here, confer inhibition across ␤-lactam families, all of these ATMO-bearing ␤-lactams were good inhibitors for we investigate this question by introducing the ATMO group onto penicillin and carbacephem scaffolds, neiAmpC. Indeed, the k cat of ATMO-penicillin was so low that we were only able to assign an upper bound of ther of which has a displaceable R 2 side chain. The new Figure 
Two Possible Routes of Cephalosporin Hydrolysis by Class C ␤-Lactamases
The center scheme shows the overall reaction pathway, involving nucleophilic attack by a catalytic serine residue and eventual deacylation leading to hydrolyzed antibiotic, departed R 2 leaving group, and free enzyme. The scheme on the left depicts the case where deacylation occurs rapidly, freeing the hydrolyzed antibiotic, which subsequently undergoes the electronic rearrangement that leads to the departure of the R 2 group. The scheme on the right depicts the case where deacylation occurs more slowly, and so the electronic rearrangement and departure of the R 2 group occurs while the ␤-lactam is still covalently bound to the enzyme. To isolate the role of bulky R 1 groups from possible will focus on the catalytically competent conformation of the ligand. influences due to R 2 side chain displacement on the inhibitory effect of these compounds, the turnover rates Key hydrogen-bonding interactions in the active site ( Figure 3C ) closely resemble those typically seen in coof ␤-lactam substrates from the same ␤-lactam families were determined. Cephalothin (for comparison to cefovalent complexes of ␤-lactams with AmpC. These include the key interactions between the amide group of taxime), penicillin G (for comparison to ATMO-penicillin), and loracarbef (for comparison to ATMO-carbacephem) the R 1 side chain ( Figure 1) Table 2 ). 91.3% of the amino acid residues were in the "most favored" regions of the Ramachandran plot, and
The crystal structure of ATMO-penicillin (Figure 1 ) covalently bound to AmpC was determined to a resolution the remaining 8.7% were in "additionally allowed" regions. The final R cryst and R free values of the refined model of 1.72 Å (Table 2 ). 92.8% of the amino acid residues were in the "most favored" regions of the Ramachandran were 19.9% and 22.3%, respectively.
Due to the high resolution of this structure, we were plot, and 7.2% were in "additionally allowed" regions. ogous substrates, that they may be usefully considered to be inhibitors of AmpC (Table 1) . When tested in the Microbiology presence of a good substrate such as cephalothin or Serial dilution assays in ligand culture were performed nitrocefin, these ATMO-containing ␤-lactams have IC 50 to examine the efficacy of sterically hindered ␤-lactams values ranging from 900 nM for ATMO-penicillin to 80 against clinically relevant pathogens (Table 3) . Against nM for ATMO-carbacephem (Table 1) . In a series of ␤-lactamase-expressing Escherichia coli, cefotaxime elegant enzymological studies [11-14, 21], Pratt and colhad an MIC of 0.031 g/ml and ATMO-carbacephem leagues have shown that the inhibition conferred by had an MIC of 1 g/ml, both much improved compared the ATMO group in third-generation cephalosporins is to the analogous ␤-lactams cephalothin and loracarbef, coupled to the ability of the R 2 side chain of these which had MIC values of 64 and 8 g/ml, respectively. ␤-lactams to depart when in the acyl-adduct complex, When tested against a clinical isolate of Enterobacter rendering the resulting adduct less susceptible to hycloacae that hyperproduces ␤-lactamase, ATMO-carbadrolytic attack (Figure 2 ). Others have posited that it is cephem and cefotaxime were again much more effective not the displaceability of this R 2 side chain but rather than their analogous parent compounds. Against a clinithe electron-withdrawing inductive effect that this group cal isolate of Staphylococcus aureus that expresses a has on the ␤-lactam core [22, 23] that is more important. class A ␤-lactamase, ATMO-carbacephem was just as For ATMO-penicillin and ATMO-carbacephem, which do effective (2 g/ml) as loracarbef, whereas cefotaxime not have a displaceable R 2 group, neither of these explawas slightly worse (1 g/ml versus 0.25 g/ml) than nations is true; the entire inhibitory effect may be attribcephalothin, as might be expected of a third-generation uted to the addition of the ATMO side chain. This may be cephalosporin. The ATMO-bearing ␤-lactamase inhibiunderstood quantitatively by comparing the deacylation tors also showed good efficacy as antibiotics themrate constants, k cat , for the ATMO-bearing inhibitors to selves against ␤-lactamase-negative E. coli, with MIC their analogous substrates that lack this group. The ravalues of 0.008 g/ml and 0.25 g/ml for cefotaxime tios of the turnover rates ( drug discovery against ␤-lactamases. Indeed, in cell culture studies ATMO-carbacephem was much more The use of destabilizing groups as components of ␤-lactamase inhibitors is a recurring synthetic theme, effective against gram-negative bacteria that express class C ␤-lactamases (Table 3) Z-(2-aminothiazol-4-yl)-methoximinoacetic acid (1.01 g, 5 mMol)  was slurried in N,N-dimethylformamide (15 ml) at room temperature. facturers without further purification.
